The surface film of the hydrosphere covers more than 70% of the world's surface. The sea surface microlayer (SML) or "skin" of the ocean is a sink for natural and anthropogenic material originating from the atmosphere and the water column. Organisms living in this SML are called "neuston." Our knowledge of the biology of the SML is still in its infancy. Research of the sea surface microlayer requires the use of appropriate sampling techniques and strategies, and the question of what is the most suitable device has not yet been answered. In the present study, we have compared the efficiency of the Harvey glass plate (GP) and the Garrett metal screen (MS) to analyze a wide range of microbiological parameters in SML samples collected at two coastal stations in the NW Mediterranean Sea. Two types of membranes (Teflon and polycarbonate) were also used to collect bacterioneuston. The MS was the most appropriate technique for most biological parameters providing higher enrichment factors as compared to the GP and, therefore, the highest enrichment factors compared with underlying waters (UW). Control experiments with UW demonstrated that the enrichment reported for the MS was not biased by any selectivity of the sampler itself. Therefore, we recommend the use of the MS when the aim is to compare different biological parameters. In contrast, there is clear evidence that hydrophobic and hydrophilic membranes have an important drawback and should not be used for quantification purposes. 
The sea surface microlayer (SML) is generally defined as the uppermost millimeter of the ocean (Liss and Duce 1997) , however, most processes at the air-sea interface occur over gradients of varying thickness. It is now well recognized that physical, chemical, and biological processes are distinctly different in the SML as compared to underlying waters (UW) (for an exhaustive review, see Liss and Duce 1997) . The primary interest in the structure and function of the SML is based on its crucial role in exchange processes of gases and matter across the air-water interface. In the oceanic environment, the primary source of surface-active material is phytoplankton primary production (Zutic et al. 1981) , whereas in coastal systems terrestrially derived material can also significantly contribute to the formation of distinct surface layers. Localized concentrations of surface active material, so-called "slicks," are limited to low wind speed (<3 m s -1 ) (Liss and Duce 1997) , however, significant accumulation of organic matter at the air-sea interface occurs also in the absence of slicks (Williams et al. 1986 ). Sea surface observations by optical imagery indicate that surface films are a frequent phenomenon, covering large areas of the coastal and open ocean (Kaltenbach 1984; Romano 1996) .
Since the discovery of surface-dwelling organisms designated as "neuston" by Naumann (1917) , the term "neuston" is commonly used to define all organisms associated with the SML, including microscopic and macroscopic organisms (Welch 1935) . Intensive ecological studies of neuston as a specific community started in 1959 when Zaitsev described marine neuston in the Black Sea (Zaitsev 1971) . Up until now, bacterioneuston were considered to be the smallest organisms of the neuston community but this community should be extended to virioneuston since viruses may also be present in the SML. Our knowledge on the biology of the SML, however, is still in its infancy. On the one hand, organisms present in the SML may have developed life strategies to survive in this habitat exposed to intense solar radiation, high temperature and/or salinity gradients, toxic organic substances, and heavy metals (Liss and Duce 1997) . On the other hand, the SML is generally enriched in organic material, and this might fuel bacterial growth and the development of microbial food webs. However, the role of microorganisms in the SML is still unclear and it is a controversial matter. Although higher abundances of microorganisms are frequently reported for the SML as opposed to UW, lower microbial abundances are also reported for the SML (Marumo et al. 1971; Bell and Albright 1982) . This variability in microbial abundances reported in the literature might be related to the use of different sampling devices to collect the SML and/or to natural ecological variability of the enrichment (Hardy 1997) .
One of the challenges in neustonology is the sampling strategy. The most common samplers are the metal screen (Garrett 1965) , the glass plate (Harvey and Burzell 1972) , the rotating drum (Harvey 1966; Hardy et al. 1988) , the Teflon plate (Larsson et al. 1974) , and the tray (Hatcher and Parker 1974) . Among these, the metal screen (MS), the glass plate (GP), and the rotating drum (RD) are the most commonly used. The thickness of the SML collected with the MS varies between 250-440 µm (Daumas et al. 1976) . In contrast, the GP collects a microlayer of 60 to 100 µm adhered to both sides of the plate (Harvey and Burzell 1972) . GP and RD have been compared for abiotic SML components such as oil and metals and no significant differences were found between samplers (Hardy et al. 1988 ). These two devices sampled, on average 50 to 70 µm of the SML in the same way, i.e., using viscosity and adhesion forces (Hardy et al. 1988) . Hydrophilic (e.g. polycarbonate) and hydrophobic (e.g., Teflon) membranes are also used and the SML thickness collected with these membranes is in the range of 1 to 40 µm (Kjelleberg et al. 1979) . Using these membranes, many authors have suggested that bacterioneuston tend to be concentrated in the uppermost 1 µm (Norkrans 1980; Hermansson 1990) .
Field studies comparing the efficiency of different sampling devices on given SML parameters are relatively scarce (Daumas et al. 1976; Carlson 1982; Falkowska 1999a Falkowska , 1999b . In fact, the question of the most suitable method of sampling the SML is far from being answered. To determine the influence of the type of sampler on SML enrichment factors, one should compare data of several types of samplers used simultaneously. However, the higher the number of parameters to be analyzed and, therefore, the volume to be collected, the greater the impact of spatial and temporal SML heterogeneity on the final results. Indeed, the SML in the natural environment is patchy (Hardy and Apts 1984) and submitted to temporal variations at a given site (Carlucci et al. 1992) .
The aim of this study was to compare the performance of two SML sampling devices, GP and MS, respectively for a large set of biological parameters. In addition, we used two types of membranes to compare their efficiency for specific bacterial parameters. The intercomparison was carried out in the Mediterranean Sea at a coastal oligotrophic site (Bay of Banyulssur-Mer, France) and a eutrophic, heavily human-impacted coastal station (off Barcelona, Spain). The results for the SML with the different sampling devices are compared with those from UW (i.e., 50 cm below the surface) and are expressed as enrichment factors (EF).
Materials and procedures
Field sites and sample collection-Samples were collected at two coastal stations in the NW Mediterranean Sea: the Bay of Banyuls-sur-Mer (France) and off the Olympic Harbour in Barcelona (Spain) (Fig. 1) . The Bay of Banyuls-sur-Mer is oligotrophic (Médernach et al. 2001; Grémare et al. 2003) . The Barcelona site is moderately eutrophic and heavily impacted by the urban sewage sludge outfall (Bayona et al. 1991; Chalaux et al. 1994) . Samples were collected early in the morning around 4 to 5 h during four field campaigns (March 2001 , September 2001 , March 2002 , and June-July 2002 . Samples were taken from an inflatable boat and the abundance, biomass, and activity of heterotrophic and autotrophic microorganisms were determined in the SML and UW as described below.
At each site, 20 L of the SML were simultaneously collected by MS and GP. The MS consists of a stainless steel screen (mesh size: 1.25 mm, wire diameter: 0.36 mm) stretched over a 60 × 80 cm steel frame (Garrett 1965; Daumas et al. 1976 ). The MS was lowered vertically through the surface of the water then oriented horizontally and lifted through the SML. To collect 20 L, about 200 to 250 successive samplings (~2 h) were carried out (Hühnerfuss 1981a (Hühnerfuss , 1981b . The GP (500 × 250 × 4 mm) thoroughly cleaned with ethanol and Milli-Q water, was vertically introduced across the SML and withdrawn vertically (Harvey and Burzell 1972) . The excess water was allowed to drain for about 20 s by holding the GP in a vertical position and the water adhering to the plate was subsequently removed from both sides of the GP with a Teflon wiper blade. About 1 L was collected within one hour for each GP sampler. Samples from UW were collected by submerging a polycarbonate (PC) bottle and opening it at a 0.5 m depth.
During periods when the wind force was below 3 m s -1
, the SML was also sampled with membranes that were allowed to float on the surface of the water for 1 min. Two types of membranes were used for the sampling: a hydrophilic polycarbonate membrane (diameter = 47 mm, 0.22 µm pore size, Isopore Membrane Filter, Millipore) and a hydrophobic Teflon membrane (diameter = 47 mm, 0.22 µm pore size, Fisher Bioblock Scientific). The membranes imbibed in the sea-surface film were retrieved with forceps and transferred to sterile flasks filled with 20 mL of 0.22 µm filter-sterilized seawater. A total of six membranes were placed in each flask. Tween 80 (2% final concentration) was added and the flasks were shaken vigorously for 5 min. Tween 80 was used as a washing agent to Agogué et al. Sea surface microlayer sampling and biology detach the microorganisms from the membrane (Norkrans and Sörensson 1977; Kjelleberg et al. 1979; Dahlbäck et al. 1981) . Five independent samplings with 3 sets of 6 membranes each were carried out. To estimate both dilution factors and final concentrations for each parameter analyzed, we used the mean volume collected per membrane calculated by differential weighting. The SML thickness sampled was determined by dividing the mean volume collected by the membrane, by the membrane area. EF were calculated as the ratio of the biological parameters in the SML to those in UW. An EF > 1.0 indicates an enrichment in the SML, and an EF < 1.0 indicates a depletion.
Experiment to determine the potential selectivity of the sampling devices-Samplers might have inherent properties, which could lead to biases such as selectivity in adsorbing microorganisms to the collecting surface. To test the inherent properties of the samplers used, 3 independent experiments were carried out in the Bay of Banyuls-sur-Mer over a diurnal cycle. Therefore, water was pumped from 1 m depth at 900 h, 1400 h, and 1700 h, local time, and transferred to 2 polycarbonate containers (110 × 70 × 60 cm) of 400 L each. The water was homogenized and immediately sampled from the containers by the MS (for the first container) and the GP (for the second container). The water in the polycarbonate containers was homogenized during the sampling. Controls consisted of water sampled with a 500-mL PC bottle submerged to 0.5 m in the containers. Five replicate samples were collected for all parameters analyzed.
A second set of control experiments was also carried out for the two types of membranes. During 5 independent field campaigns, UW were sampled with a PC bottle and transferred to a 4-L incubator. Subsequently, bacteria were sampled from UW using Teflon and polycarbonate membranes as described above. The results were compared with standard bottle sampling.
Enumeration of the autotrophic and heterotrophic microbial community-Samples (3 mL) for flow cytometry analyses of both heterotrophic and autotrophic bacteria and photosynthetic eukaryotes were fixed with formaldehyde (2% final concentration) in cryotubes. The samples were left at room temperature for 10 to 15 min, frozen in liquid nitrogen, and stored at -80°C until analysis. The samples were run through a flow cytometer (FACScan, Becton Dickinson) equipped with a 488-nm, 15-mW Argon laser. Phytoplankton cells were discriminated and counted according to Legendre et al. (2001) and Marie et al. (2000) . The phycobilins of the cyanobacteria Synechococcus emit strong orange fluorescence and were distinguished from the red fluorescence of the chlorophyll. The 2 groups of microbial photosynthetic eukaryotes (i.e., picoeukaryotes and nanoeukaryotes) were discriminated by their scatter signals and the fact that red fluorescence from their chlorophyll was more intense than that of Synechococcus.
Heterotrophic bacteria were stained with a nucleic acid dye (SYBR-Green I; final concentration 0.01% [vol/vol] of the commercial solution; Molecular Probes) and stored for at least 15 min at room temperature in the dark before counting was carried out. Stained bacteria were discriminated and counted according to their right angle light scatter and the green fluorescence measured at 530/30 nm (Marie et al. 1997 (Marie et al. , 2000 . The number of bacterial cells with a high and low nucleic acid (HNA and LNA, respectively) content are determined according to Servais et al. (2003) and Lebaron et al. (2002) .
Enumeration of culturable bacteria-Samples for culturable bacteria were processed within 4 h after sampling. Serial dilutions (1:10 and 1:100) were prepared with filter-sterilized seawater and 100 µL of each dilution was plated on 3 replicate plates on Marine Agar 2216 media (Difco). Colony-forming units (CFU) were counted after an incubation at 25°C in the dark for 1 to 2 weeks.
Enumeration of viruses-Samples (2 mL) were fixed with formaldehyde (2% final concentration) and filtered onto 0.02 µm filters (Whatman; Anodisc, 25 mm diameter). Viral particles were stained on the filters using SYBR-Green I (Molecular Probes) and enumerated under a Zeiss Axiophot microscope equipped for epifluorescence microscopy as previously described (Noble and Fuhrman 1998) . At least 400 viral particles were counted per filter.
Enumeration of ciliates and flagellates-Ciliates and flagellates were fixed, stained, and enumerated according to Dupuy et al. (1999) . This method is a modified version of the method previously described by Haas (1982) , Caron (1983) , and Sherr et al. (1994) . Briefly, for counting flagellates, triplicate 100 mL samples were preserved with formaldehyde (1% final concentration). Each sample was concentrated by filtration through 0.8 µm to a volume of 10 mL and subsequently stained with primulin (50 µg mL -1 final concentration) and flagellate abundance was determined by epifluorescence microscopy. For ciliates, triplicate 1 L samples were stained alive for 10 min by adding proflavin hemisulfate solution (0.00066% final concentration). Then, stained ciliates were preserved by adding glutaraldehyde (1% final concentration), and the cells were enumerated using a reverse epifluorescence microscope.
Bacterial production-Bacterial production was estimated from the rates of protein synthesis using . Five-or 10-mL samples were incubated in the dark at in situ temperature for 0.5 to 1 h. Incubations were terminated by adding formaldehyde (2% final concentration). Subsequently, the samples were filtered through 0.45 µm Millipore HAWP filters followed by 3 rinses with 5 mL of icecold 5% trichloroacetic acid. The filters were subsequently dissolved in 1 mL ethyl acetate (Riedel de Haen) and after 10 min, 8 mL of scintillation cocktail (Insta-gel plus II, Canberra Packard) were added. The radioactivity of the filter was assessed after 18 h.
Pigments-Chlorophyll a, b, and c and phaeophytin a were determined according to Neveux and Lantoine (1993) . Triplicate samples (200 mL) were passed through Whatman GF/F filters, which were immediately frozen in liquid nitrogen. Filters were extracted in acetone (90% final concentration). Extracts were kept at 4°C for 12 h and centrifuged before the absorbance of the supernatant was measured on a Perkin Elmer MPF66 spectrofluorometer (Neveux and Lantoine 1993) .
Population structure of the bacterial communities-Two genetic fingerprinting techniques were used to study the bacterial community structure, i.e., denaturing gel gradient electrophoresis (DGGE) and single-strand conformation polymorphism (SSCP).
For DGGE analysis, 10 mL of water sample were filtered through 0.2 µm pore size filters (GTTP, Millipore) and the filters were processed according to Bernard et al. (2000) . Twenty milliliters of lysed solution were used as template for polymeric chain reaction (PCR) amplification of bacterial 16S rDNA. The forward primer 358f (CCTACGGGAGGCAGCAG) with a GC-clamp and the reverse primer 907r (CCGTCAATTC-CTTTGAGTTT) were used following the protocol described elsewhere (Casamayor et al. 2000) . DGGE was performed with
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the DGGE-D-CODE system (BioRad) at 200 V, 60°C for 3.5 h on a 6% polyacrylamide gel. The denaturing gradient in the gel was 20% to 70% (100% denaturing agent is defined as 7 M urea and 40% deionized formamide). The gel was stained with SybrGold nucleic acid gel stain (1:10,000 dilution; Molecular Probes) in the dark for 20 min, rinsed with Milli-Q water, and visualized under ultraviolet light. Digitized images were obtained with a Pulnix TM-6EX camera, saved as computer files, and analyzed with the NIH Image (National Institutes of Health) software. Bands occupying the same position in different lanes were identified using software facilities, and one matrix with presence or absence data were built. A binary data set was used to calculate a similarity matrix using the Jaccard's coefficient with the software SYSTAT 5.2.1 for Macintosh, and a dendogram was obtained by UPGMA (unweighted pairgroup method with arithmetic averages) in cluster analysis (Casamayor et al. 2002) . For SSCP analysis, 50 mL of water sample were filtered through 0.2 µm pore size filters (GTTP, Millipore) and stored at -80°C. Filters were thawed and resuspended in 900 µL of lysis buffer (40 mM EDTA, 50 mM Tris-HCl pH 8, 0.75 M sucrose). Lysozyme was added (1 mg mL -1 final concentration) and the suspension was incubated at 37°C for 45 min. After addition of proteinase K (0.2 mg mL -1 final concentration) and sodium dodecyl sulfate (1% final concentration), the samples were incubated at 55°C for 1 h. DNA was then extracted with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol) and was precipitated by the addition of one-tenth of the volume of 3 M sodium acetate and two volumes of cold isopropanol followed by incubation at -20°C for 3 h. DNA was recovered by centrifugation at 10000g for 30 min, and the pellet was washed with cold 70% ethanol, dried, and resuspended in 20 µL of sterile Milli-Q water. For PCR amplification, the bacterial primers W49 dir (Escherichia coli position 331; 5′-ACG-GTC-CAG-ACT-CCT-ACG-GG-3′) and W34 rev (E. coli position 533; 5′-TTA-CCG-CGG-CTG-CTG-GCA-C-3′; 5′-labeled with fluoresceine phosphoramidite TET, Applied Biosystems) were used as reported elsewhere (Servais et al. 2003) . For SSCP fingerprinting analysis, PCR products were heat denatured at 94°C for 5 min and immediately placed on ice for at least 10 min. A fluorescently labeled internal size marker was added (Genescan-400 Rox, Applied Biosystems). The size standard contained a different fluorophore and permitted, after computing correction, a reliable comparison of patterns from each sample. SSCP electrophoresis was carried out as previously described (Servais et al. 2003 ) using the ABI 310 Genetic Analyzer equipped with a capillary tube (Applied Biosystems). Computer files were analyzed with the 310 Genescan Analysis software (Applied Biosystems).
Statistical analysis-To test statistical differences between results obtained with the MS and the GP, and between the SML and UW, the Wilcoxon signed rank test was applied (Scherrer 1984; Siegel and Castellan 1988; Zar 1999) . The Wilcoxon signed rank test was chosen because of the nonparametric distributions of the parameters analyzed. To ensure valid statistical comparisons, the data of the sampler control experiment were analyzed using a Student t test at the 99% confidence level.
Assessment
Experiments to determine the potential selectivity of the sampling devices-To test the potential biases of the MS and the GP as compared to standard bottle sampling, 3 independent experiments were carried out using UW confined in 400-L containers (Table 1) . Control experiments are essential to determine whether selective adsorption to the different sampler surfaces exist. It should be performed to check for the potential bias that can be introduced by the sampler itself. Surprisingly, we are aware of only one published study that takes such potential bias into consideration (Hatcher and Parker 1974) . These authors analyzed UW collected with both SML samplers (drum, metal screen, and tray) and the standard bottle and found no significant difference in CFU counts, the only parameter tested. In our study, we analyzed a large set of parameters of UW collected with the GP, the MS, and the standard PC bottle. Overall, no significant differences among UW sampled with the MS, the GP, and the PC bottle were detectable for the parameters studied (Student t test, P > 0.05). Concentrations of chlorophyll, however, were significantly lower in UW collected with the MS as compared to the PC bottle (Student t test, P < 0.01) (Table 1) , probably due to the adsorption or attachment of large autotrophic cells on the surface of the screen. Estep et al. (1985) and Falkowska (1999b) have already suggested that macroscopic algal filaments often remain trapped on the screen during draining. In the present study, the SML sampled by the MS was significantly enriched in chlorophyll. However, as indicated by the control experiment for the MS, this enrichment of chlorophyll is probably slightly underestimated. For culturable bacteria and bacterial production, substantial variability among replicates of UW was observed independent of the sampling device used. Nevertheless, as a whole, there were no significant differences between these SML samplers and the PC bottle suggesting that the MS and the GP did not introduce any bias.
Hydrophobic (Teflon) and hydrophilic (polycarbonate) membranes were also used to collect total and culturable bacteria from the UW. The small sample volume collected by these membranes reduced the number of parameters that could be analyzed (Table 2 ). Furthermore, due to the autofluorescence of the surfactant used to detach cells from the membranes, flow cytometry analysis of autotrophic cells was not possible. To our knowledge, only one published study has carried out control experiments for selective attachment to membranes (Crow et al. 1975) . These authors report similar counts for culturable bacteria in UW collected with membranes and using a standard bottle. On the other hand, in the present study, the enrichment detected in total and culturable bacteria using both Teflon and polycarbonate membranes, as compared with the
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Sea surface microlayer sampling and biology traditional bottle sampling, was not restricted to the SML. When UW were sampled with these membranes, the enrichment was in the same order of magnitude as that found for the SML (Table 2) . This important drawback is due to adsorption of bacteria to surface on hydrophilic and hydrophobic membranes. Such a bias is probably more important for viable cells with electrically charged membranes. Consequently, this adsorption effect is more readable for culturable bacteria because all the counted cells are living, whereas total counts include a more or less important fraction of dead cells.
Reference depth of UW-EF are determined in reference to concentrations found in UW with depths that vary greatly among reports, ranging from 0.10 to 5.0 m. In this study, two depths in UW (0.50 and 5.0 m) were analyzed during two campaigns in March and June through July 2002. For most biological parameters, no significant difference was found between the two depths (Wilcoxon test rank, P > 0.05, n > 16) (data not shown). However, total bacteria, bacterial production by thymidine and leucine incorporation, and chlorophyll a were significantly enriched by EF of 1.10, 1.90, 2.74, Chlorophyll a (µg L and 1.34 respectively, at 0.5 m as compared to 5 m (Wilcoxon test rank, P < 0.05, n > 13) (data not shown). Therefore, the depth at which samples of UW are collected should be carefully defined and controlled at each sampling because variations in the depth at which UW are collected may result in different EF. Metal screen versus glass plate-A comparison between the MS and the GP was carried out to determine their performances for sampling microbiological parameters of the SML. EF for the individual parameters from the two different coastal stations were not significantly different from each other (Student t test, P > 0.05). Thus, EF obtained for the 2 study sites were pooled and are shown for the individual parameters in Table 3 . Overall, EF varied substantially between the two sampling devices for all the biological parameters determined in the present study. SML samples collected with the MS were for 10 of 14 parameters higher as compared to SML samples collected with the GP. Significant differences between the SML and UW were detectable for both sampling devices. Using the MS, 10 of 14 parameters were significantly enriched in the SML as compared to UW, whereas for samples collected with the GP, only 4 parameters were significantly enriched (Wilcoxon test rank, P < 0.05) ( Table 3) .
Phytoneustonic and zooneustonic parameters-The GP was less efficient than the MS for the analysis of phytoneustonic parameters (e.g., abundance of photosynthetic nanoeukaryotes, chlorophyll a, b, and c, phaeophytin a) (Wilcoxon test rank, P < 0.005) (Table 3) . Moreover, the SML was significantly depleted in photosynthetic nanoeukaryotes and chlorophyll a and c when the GP was used (Wilcoxon test rank, P < 0.005). Carlson (1982) also reports that most of the GP samples were depleted in chlorophyll a as compared to UW. Depletion of phytoneuston and chlorophyll a in the SML has been attributed to inhibitory factors such as high light intensities, pesticides, and heavy metals (Albright 1980; Falkowska and Latala 1995) . However, the bias introduced by the sampler itself should be also taken into account. Large cells such as diatoms are probably not retained on the surface of glass plates, resulting in lower EF in comparison to the MS.
When photosynthetic nanoeukaryote counts, chlorophyll and phaeophytin a were determined in MS samples, the EF was significantly higher than one and consistently higher than those reported with the GP (Table 3) . Other studies investigating the concentration of chlorophyll a in the SML reveal in general similar moderate values for the EF (Daumas et al. 1976; De Souza Lima and Chrétiennot-Dinet 1984) . In the present study, EF for phaeophytin a were consistently higher than those for chlorophyll a. The ratio of phaeophytin a to chlorophyll a is generally higher in the SML than in UW, and it is believed that this indicates unfavorable conditions for photosynthesis (Daumas et al. 1976) . The comparatively high content of phaeophytin in the SML may be attributable to photo-oxidation of chlorophyll, significant consumption of microalgae by zooneuston, and the input of positively buoyant dead cells from UW (Hardy and Apts 1984) . As discussed earlier for chlorophyll a, there is probably also a bias for phaeophytin when using the MS, most likely due to the adsorption of cells to the screen. However, the MS appears to be better suited for the analysis of phytoneustonic parameters than the GP.
For heterotrophic nanoflagellates, a significant enrichment was found with the GP and the MS. EF were higher with the MS but the difference between samplers was not significant (Table 3 ). In contrast, ciliates were depleted in SML samples collected by both samplers and the depletion was more pronounced with the GP (Table 3) . This is probably due to the fact that the larger the organisms are, the lower their capacity to attach to the surface of the plates and, to a lesser extent, to the screen. Ciliates are usually concentrated in the SML during the night (Hardy 1982; Falkowska and Latala 1995) , and this could explain why our SML samples taken early in the morning were depleted. Furthermore, zooneuston are larger in size than microorganisms and nets are probably more appropriate to collect these organisms. Virioneustonic and bacterioneustonic parameters-The EF reported for culturable bacteria were the highest of all the determined parameters in this study (11.1 and 13 for MS and GP, respectively) ( Table 3 ) and similar enrichments are reported in the literature. Tsyban (1971) reported CFU concentrations 10 to 20 fold higher in the SML than in UW for samples collected with an MS. Using a GP, Dietz et al. (1976) report culturable counts 2 orders of magnitude higher in the neuston as compared to UW. In the present study, both samplers resulted in EF not significantly different from each other. However, remarkable variations in EF were detectable independent of the sampler used. The enrichment of CFU in the SML could be explained by (1) the higher concentrations of dissolved and colloidal organic compounds in the SML providing energy and nutrients, (2) by protective agents toward stress factors such as radiation (Liss and Duce 1997) , and (3) by preferential attachment of living cells with polarized membranes to bubbles and particles.
Reports on the abundance of total bacteria in the SML vary greatly among studies. Whereas some studies report EF in the order of 10 2 to 10 3 (Marumo et al. 1971; Young 1980a, 1980b; Carlucci et al. 1991) , bacterial abundance is also reported to be depleted in the SML (Bell and Albright 1982) . We found only a slight but significant enrichment of total bacterial counts in the SML when samples were collected with the GP and the MS (Wilcoxon test rank, P < 0.005) ( Table 3 ). Higher enrichments (EF ranging from 1.7 to 32) have been reported for samples collected with the MS and counted by epifluorescence microscopy (Marumo et al. 1971; Young 1980a, 1980b) . The lower values reported in this study could be due to the fact that particle-attached bacteria cannot be counted by flow cytometry and may represent a significant part of total bacteria present in the SML Young 1980a, 1980b) . However, we determined from a few samples that the fraction of attached bacteria was less than 3% of total bacteria (Obernosterer et al. subm.) . Therefore, differences in the reported EF for bacteria might also reflect the heterogeneity of the systems studied. In addition to the reported parameters, flow cytometry analysis was used to determine the fraction of cells with a high (HNA) and a low (LNA) nucleic acid *Results from the two sampling sites are pooled. †Depletions are in bold type. ‡S*, significant difference P < 0.05; S**, significant difference P < 0.01; S***, significant difference P < 0.005; NA, not applicable; NS, no significant difference.
content, which represent the most and the least active cells, respectively, within natural communities (Lebaron et al. 2002; Servais et al. 2003 ) (data not shown). No significant difference between the MS and the GP for HNA and LNA cells was found (Wilcoxon test rank, P > 0.05, n = 19) (data not shown). Our experience indicate that both samplers provide similar counts and they seem to be appropriate for sampling total and culturable bacteria in the SML. Bacterial activity was estimated from DNA and protein synthesis measurements. Again, the range of EF was important for both thymidine and leucine incorporation rates and no significant difference between samplers and between the SML and UW was detectable for this parameter (Table 3) . This indicates that bacterial activity in the SML was not enhanced as compared to that in UW. Results reported in the literature are very contradictory so far. The SML collected by the GP, Bell and Albright (1982) as well as Dietz et al. (1976) found higher incorporation rates in UW in comparison to SML. Other studies on bacterial activity in SML have used different kinds of samplers, and they are, therefore, not directly comparable with our study. From our results we may conclude that both, the GP and the MS are performing equally well for bacterial activity assessments.
Considering that the two samplers had surfaces with different physical properties, we also investigated the effect of each sampler on the structure of bacterial communities. We speculated that even if counts were similar, each sampler may have a selective effect on bacterial species, which have different surface properties. Genetic fingerprinting methods showed that the MS and the GP had no selective effect on the main components of the bacterial communities. Fig. 2 shows the comparison using DGGE for Barcelona and Banyuls-sur-Mer sampling points in March 2001. The banding pattern was qualitatively identical for samples collected using either the MS or the GP as indicated by the similarity values calculated (Table 4) . However, changes in the signal intensity were detectable for a few DGGE bands (Fig. 2) . We carried out the same procedure with samples collected in June and July 2002 using a more precise genetic fingerprinting method (SSCP, Fig. 3 ). The SSCP products were not exactly the same for the GP and the MS as indicated by similarity values calculated in Table 4 . However, the qualitative differences found corresponded to minor components of the bacterial assemblage (minor peaks in the SSCP profiles). These results indicate that both samplers collect the same dominant species, although some differences were found in the relative contribution of some populations. These differences were higher than differences found among PCR replicates. Therefore, both samplers can be used to investigate the structure of bacterial communities but quantitative data requires a cautious interpretation.
Viruses can be counted by epifluorescence microscopy after staining with a nucleic acid dye (Noble and Fuhrman 1998) . We are not aware of any results on the abundance of viruses in the SML of marine waters. In the present study, no significant difference was detectable between counts in the SML and that in UW. Furthermore, no significant differences between samplers were observed. Therefore, the GP and the MS are performing equally well for counting viruses.
The case of membranes-Membranes offer the advantage of collecting a very thin layer (10 to 50 µm) to further investigate the vertical distribution of organisms in the SML. In this study, the EF found for total and culturable bacteria using membranes were higher than those obtained with the GP and the MS. EF for the SML sampled with the two types of membranes varied between 0.7 and 46.3 and 2.5 and 101 for total bacterial abundance and culturable bacteria, respectively (Table 2 ). The high enrichments found in the present study are congruent with data reported from other environments. For total bacteria and hydrophobic Nuclepore filters, Sewell et al. (1981) and Hardy and Apts (1984) found EF ranging from 9,678 to 32,305 and from 23 to 12,000, respectively. While the volume of water sampled by the Teflon membrane was substantially lower than that sampled by the polycarbonate membrane, the Teflon membrane exhibited about twice the EF for total and culturable bacteria (Table 2) . In this line, Kjelleberg et al. (1979) found an enrichment in culturable bacteria ranging from 80 to 10,100 when the SML was collected with hydrophobic membranes and for hydrophilic membranes from 2 to 284. Thus, hydrophobic membranes collect more bacteria, although the SML thickness collected is two times smaller than the SML collected with hydrophilic membranes. Although many results of the literature suggest that most bacteria are concentrated in the top 10 µm of the SML, these studies also suggest that dilution of bacteria could occur with other sampling devices. However, as stated above, these high EF exceeding by far those of the MS and the GP are due to the selective adsorption of microorganisms by these membranes as determined in the present study. These conclusions should be considered with caution due to the sampling bias.
Discussion
Control experiments are essential to determine whether selective adsorption to the different sampler surfaces exist. Surprisingly, we are aware of only one published study that takes such potential bias of SML samplers into consideration (Hatcher and Parker 1974) and one published study, which has carried out control experiments for selective attachment to membranes (Crow et al. 1975) . Sampling with membranes has important drawbacks due to the selective adsorption of bacteria to surfaces. As a consequence, many reports on bacterioneuston, based on this sampling technique, have generally overestimated bacterial counts yielding the conclusion that bacteria are present at high concentrations in the SML. Therefore, high bacterial abundances reported in the literature for SML collected with membranes should be considered with caution. Because membranes cannot be used for quantification purposes, their use should be limited to the isolation of bacterial cells. In the same way, the depth at which samples of UW are collected should be carefully defined and controlled at each sampling because variations in the depth at which UW are collected may result in different EF. Consequently, any comparison with EF reported in the literature should also be related to the reference depth of UW.
The MS and the GP seem to be appropriate for sampling total and culturable bacteria and viruses, for bacterial activity assessments, and for investigating the structure of bacterial communities in the SML. However, the MS appears to be better suited for the analysis of phytoneustonic parameters than the GP. Nets are probably more appropriate to collect organisms, which are larger than flagellates.
Comments and recommendations
The question about the most suitable method for sampling the SML for biological studies has not yet been answered. At present, the metal screen and the glass plate are the most frequently used samplers. They differ in the thickness of the collected SML, the thickness being larger with the MS, and they differ by their physical properties. Obviously, the problem of comparison of data obtained by different types of samplers is closely related to where the different types of organisms from virioneuston to zooneuston are located in the SML.
The thinner is the layer collected, the closer the biological composition of the sample to the original distribution in the SML will be. Under this point of view, the GP is preferable. However, the MS offers the smallest contact area between the water film to be sampled and the sampler, which probably results in the lowest contamination of the SML. Furthermore, the MS offers the advantage of being more adapted than the GP to collect organisms within a wide range of sizes (from viruses to flagellates). Another advantage is that the MS collects larger volumes in shorter periods of time (roughly 10 L per hour and per screen), something essential when many parameters are to be analyzed. In contrast, the GP has a much lower sampling capacity (1 L per hour and per plate). The time of sampling is of great importance because the longer the time of sampling, the higher the effect of temporal and spatial variability. Thus, we recommend the use of the MS when the aim is the comparison of different parameters. In all cases, control experiments should be performed to check for the potential bias that can be introduced by the sampler itself. There is clear evidence from this study that membranes have important drawbacks and should not be used for quantification purposes. Both hydrophobic and hydrophilic membranes overestimate the concentration of living organisms by selective surface adsorption. However, sampling with membranes remains of interest for rapid and easy collection of bacteria living in the surface microlayer.
Finally, the depth at which UW samples are collected must be carefully determined depending on the question to be answered. Furthermore, any comparison with other reports in the literature should be based not only to the SML sampler but also to the reference depth of UW.
